Abstract -The f i r s t i n s t a l l a t i o n s o f t h e new "hard" epoxy-mica o r polyester-mica s t a t o r i n s u l a t i o n systems i n Reclamation generators r e s u l t e d i n numerous problems t h a t were n o t present w i t h t h e o l d e r " s o f t " asphalt-mica systems. One o f t h e main a t t r i b u t e s o f asphal t-mica systems was t h e tendency f o r these m a t e r i a l s t o expand and l o c k themselves i n t o t h e s t a t o r s l o t s . When the asphalt becomes warm and somewhat p l a s t i c , i t flows and causes t h e c o i l surface t o bulge i n t o t h e a i r passage s l o t s . Because t h e binders i n t h e "hard" systems remain r i g i d , t h e c o i l s must be secured i n t h e s l o t s by o t h e r means t o prevent movement.
I n t r o d u c t i o n
The Bureau o f Reclamation (Reclamation) owns and operates over 50 hydrogenerating p l a n t s throughout t h e Western United States. The t o t a l i n s t a l l e d c a p a c i t y i s i n excess o f 13,000 MW, making Reclamation t h e 11th l a r g e s t u t i l i t y (based on generating c a p a c i t y ) i n t h e United States.
Reclamation's machine s t a t o r rewind program i s l a r g e enough t o warrant t h e development o f several rewind and uprate "experts," thus c r e a t i n g a permanent database o f winding case h i s t o r y , i n s p e c t i o n and t e s ti n g procedure, and c o n t r a c t o r q u a l i f i c a t i o n s . This e x p e r t i s e i s maintained a t t h e Denver O f f i c e r a t h e r t h a n a t t h e p r o j e c t l e v e l . v o l t a g e winding i n s u l a t i o n t e s t i n g and numerous O&M p r o b l ems has a1 1 owed Recl amation t o formul a t e a succ e s s f u l program f o r new and rewound machine windings.
polyester-mica i n s u l a t i o n systems were developed. Approximately 85 o f Recl amation's 205 generators have been rewound w i t h "hard" i n s u l a t i o n systems. Seventeen new generators have "hard" i n s u l a t i o n systems.
The new epoxy-mica and p o l y e s t e r mica i n s u l a t i o n systems c o n t a i n no bituminous or c o t t o n m a t e r i a l s and a r e r a t e d Class 'IF" i n s u l a t i o n , a l l o w i n g them t o opera t e a t higher temperatures than t h e o l d e r low-temperat u r e asphalt-mica i n s u l a t i o n systems. The i n s u l a t i o n t h i c k n e s s f o r "hard" systems i s l e s s than f o r " s o f t " systems f o r t h e same v o l t a g e withstand c a p a b i l i t y . T h i s r e s u l t s i n a l a r g e r cross-sectional area o f copper f o r a c o i l w i t h "hard" i n s u l a t i o n than f o r a c o i l w i t h " s o f t " i n s u l a t i o n w i t h i d e n t i c a l o u t s i d e US. Government work not protected by U.S. copyright.
Experience w i t h high-
Approximately 20 years ago, "hard" epoxy-mica and 242 dimensions. increase i n copper cross-sectional area made p o s s i b l e w i t h t h e hard-type i n s u l a t i o n r e s u l t s i n lower I2R losses. o p e r a t i n g temperature r e s u l t s i n a h i g h e r a l l o w a b l e output o f a new or rewound generator.
Thus, f o r a given s i z e s t a t o r s l o t , an
The lower l o s s coupled w i t h a higher I n i t i a l Problems The i n i t i a l problems w i t h t h e new i n s u l a t i o n systems r e s u l t e d from t h e use o f i n s t a l l a t i o n pract i c e s t h a t were commonplace w i t h asphalt-mica i n s u l at i o n b u t were incompatible w i t h t h e new systems. The new i n s u l a t i o n was hard and b r i t t l e ; c o i l s could n o t be deformed and forced i n t o s l o t s as had been done p r e v i o u s l y . Once i n t h e s l o t , c o i l s d i d not r e a d i l y conform t o i r r e g u l a r i t i e s . I n a d d i t i o n , i n s t a l l a t i o n of s i d e f i l l e r s was extremely d i f f i c u l t . These problems i n d i c a t e d t h e need f o r new i n s t a l l a t i o n pract i c e s and c o i l s w i t h t i g h t e r dimensional tolerances.
Some manufacturers used painted, semiconductive s h i e l d i n g systems f o r t h e s l o t p o r t i o n o f t h e c o i l , but these systems were v e r y f r a g i l e and prone t o damage and d e t e r i o r a t i o n over time. This was compounded by t h e i n s u l a t i o n on t h e c o i l s undergoing v o lumetric shrinkage due t o i n s i t u c u r i n g o f t h e epoxy, p o l y e s t e r , and/or tapes, causing t h e c o i l s t o become l o o s e i n t h e s t a t o r s l o t . r e s u l t e d from thermal l o a d i n g d u r i n g normal o p e r a t i o n o f t h e generator.
Once loose, a d d i t i o n a l v i b r a t i o n and wear occurred, o f t e n r e s u l t i n g i n damage t o t h e f r a g i l e , painted, semiconductive s h i e l d i n g system. Damage t o t h e s h i e l d i n g system allowed p a r t i a l discharges t o occur i n the s l o t between t h e surface o f t h e c o i l and the ground plane o f t h e s t a t o r core. S l o t discharges f u r t h e r destroyed t h e painted, semiconductive s h i e l d i n g system as well as t h e surface o f t h e c o i l i n s u l a t i o n .
The i n place c u r i n g Sol u t i ons

Reclamation found t h a t unacceptable mechanical damage could be minimized i f knowledgeable i n s p e c t o r s monitored t h e i n s t a l l a t i o n o f new c o i l s . To achieve t h i s end, t h e E l e c t r i c a l and Mechanical Engineering D i v i s i o n o f t h e Denver O f f i c e conducts o n s i t e seminars p r i o r t o t h e i n s t a l l a t i o n o f a winding t o i n s t r u c t i n s p e c t o r s on proper i n s t a l l a t i o n procedures. S p e c i f i c i n s t a l l a t i o n procedures a r e beyond t h e scope o f t h i s paper because c o i l s from various manufacturers
r e q u i r e d i f f e r e n t i n s t a l l a t i o n procedures.
Over t h e years, many changes have been i n c o rporated i n t o t h e s p e c i f i c a t i o n s f o r new windings t o prevent t h e recurrence o f loose and damaged c o i l s . I n a d d i t i o n , manufacturers have a l s o made many improvements t h a t have c o r r e c t e d f i r s t -and second-generation design d e f i c i e n c i e s . For example, p a i n t -t y p e s h i e l di n g systems a r e no longer allowed i n t h e s t a t o r s l o t p o r t i o n o f t h e c o i l s .
Instead, armor tapes saturated w i t h semiconductive p a i n t a r e now r e q u i r e d throughout t h e s t a t o r s l o t p o r t i o n o f t h e c o i l . The saturated armor tapes a r e s u p e r i o r i n r e s i s t a n c e t o mechanical abrasion and t h e r e f o r e m a i n t a i n a higher degree o f c o n t i n u i t y o f t h e s h i e l d i n g system. Various manufacturers a r e p r e s e n t l y using t h r e e d i s t i n c t r e s t r a i n t systems t o prevent t h e c o i l s from becoming loose i n t h e s l o t . One company molds a l t e rn a t i n g s t r i p s o f conductive and nonconductive RTV (room temperature v u l c a n i z i n g ) s i l i c o n e rubber t o t h e sides o f t h e i n s u l a t i o n t o p r o v i d e an i n t e r f e r e n c e f i t between t h e c o i l and t h e s t a t o r s l o t . These c o i l s must be pressed i n t o t h e s l o t . The press f i t a p p l i e s p r e l o a d i n g t o t h e c o i l and maintains i t i n good physic a l and e l e c t r i c a l contact w i t h t h e s l o t , even a f t e r v o l u m e t r i c shrinkage. Another company coats t h e surf a c e o f t h e c o i l w i t h conductive epoxy and paper j u s t p r i o r t o i n s e r t i o n i n t o t h e s l o t . Upon i n s e r t i o n , t h e epoxy i s forced i n t o t h e shape o f t h e s l o t , i n c l u d i n g t h e a i r passages, l o c k i n g t h e c o i l i n t o t h e s l o t when t h e epoxy cures. This company and o t h e r companies use compressible f i l l e r m a t e r i a l s c a l l e d r i p p l e springs t o m a i n t a i n pressure i n t h e r a
0 Wedge holes must be p r o t e c t e d d u r i n g t h e p a i n t i n g process t o prevent p a i n t from b l o c k i n g t h e holes.
I n one case, t h e Wedge holes must be spaced t o a l l o w f o r depth Depth gauge measurements i n d i c a t e t h e amount o f compression o f t h e r i p p l e spring. m a j o r i t y o f r i p p l e springs i n an e n t i r e winding were found t o be completely relaxed a f t e r 1 year o f operat i o n , causing t h e c o i l s t o become loose i n t h e s l o t s .
The probl em was conf-i rmed from corona probe measurements taken w i t h a hand-held radio-frequency-type d e t e c t o r , which i n d i c a t e d moderate p a r t i a l discharge a c t i v i t y i n t h e s l o t s . P a r t i a l discharge a c t i v i t y f o r a 1-year-old t i g h t -f i t t i n g winding should be very low.
Reclamation winding s p e c i f i c a t i o n s now r e q u i r e t h r e e i n s p e c t i o n s o f a new winding p r i o r t o t h e end o f t h e 5-year warranty period. Experience has shown t h a t t h e f i r s t i n s p e c t i o n , which i s done a f t e r 6 months t o 1 year o f operation, i s t h e most important. O r d i n a r i l y , most o f t h e shrinkage occurs i n t h e f i r s t 6 months o f o p e r a t i o n and i s found d u r i n g t h e f i r s t i n s p e c t i o n . The r o t o r i s removed f o r each o f t h e t h r e e inspections. This permits wedge t i g h t n e s s t o be checked and each c o i l inspected f o r signs o f movement. Any looseness i s c o r r e c t e d p r i o r t o reassembly o f t h e generator. Removal o f t h e r o t o r a l s o makes i t e a s i e r t o perform p a r t i a l discharge measurements w i t h a handh e l d corona probe. P a r t i a l discharge l e v e l s a r e monit o r e d t o determine i f c o i l movement has damaged t h e semiconductive s h i e l d i n g system on the surface o f t h e c o i l . The hand-held probe i s an e x c e l l e n t device f o r determining t h e exact p o s i t i o n o f t h e discharges. probe i s tuned t o monitor RF energy i n t h e 5-MHz range. We have found t h a t t h e RF s i g n a l s t r e n g t h a t t h i s frequency attenuates very q u i c k l y i n a generator winding, a l l o w i n g t h e source o f t h e discharge t o be i s o l a t e d t o a s p e c i f i c s e c t i o n o f c o i l i n t h e s t a t o r s l o t .
Repairs t o t h e painted semiconductive s h i e l d i n g The system o f c o i l s i n t h e s t a t o r s l o t s have been attempted w i t h various degrees o f success.
I n some cases, complete reestablishment o f c o n t a c t between t h e c o i l and t h e s t a t o r s l o t ground plane has been achieved, and i n o t h e r cases no measurable improvement could be determined.
I n e i t h e r case, t h e problem area was detected w i t h t h e corona probe and e i t h e r f i x e d o r earmarked t o be monitored u n t i l a complete r e p a i r could be achieved.
The second i n s p e c t i o n i s performed 2-1/2 t o 3 years i n t o t h e warranty period, and once again wedge t i g h t n e s s , c o i l movement, and p a r t i a l discharge a c t iv i t y , i f necessary, a r e monitored. performed on t h e second i n s p e c t i o n u s u a l l y occurs i n areas n o t loose enough t o warrant concern o r remedial a c t i o n on t h e f i r s t i n s p e c t i o n .
The f i n a l i n s p e c t i o n i s performed j u s t p r i o r t o t h e end o f t h e 5-year warranty period. Once again, wedge t i g h t n e s s and c o i l movement a r e checked. P a r t i a l discharge a c t i v i t y i s monitored i f t h e r e i s reason t o suspect t h a t something has caused a change. Since t h i s i s t h e l a s t in-depth i n s p e c t i o n o f t h e winding p r i o r t o t h e normal maintenance program i n s p e c t i o n s , care i s taken t o ensure t h a t t h e winding i n s t a l l a t i o n f u l l y meets a l l o f t h e s p e c i f i c a t i o n requirements. Engineers from t h e E l e c t r i c a l and Mechanical Engineering D i v i s i o n i n t h e Denver O f f i c e normally a s s i s t w i t h t h e f i n a l inspection. Reclamation encourages t h e winding manufacturer t o have a r e p r e s e n t a t i v e present d u r i n g these i n s p e c t i o n s i n order t o expedite t h e manufacturer's recommend a t i o n s and suggestions on r e p a i r procedures.
Any t i g h t e n i n g
Concl usions The advent o f t h e new hard mica i n s u l a t i o n systems i n i t i a t e d several problems r e q u i r i n g special a t t e n t i o n t o t h e i n s t a l l a t i o n and i n s p e c t i o n o f new s t a t o r windings.
Reclamation's experience w i t h t h e hard i n s u l a t i o n systems i n d i c a t e s t h a t i n t h e e a r l y years these systems were prone t o a l l o w c o i l s t o become loose i n t h e s t a t o r s l o t s . Once loose, t h e c o i l s would s u s t a i n mechanical wear which l e a d t o increased p a r t i a l discharge a c t i v i t y . This focused our a t t e n t i o n on t h e need f o r improved i n s t a l l a t i o n p r a c t i c e s w i t h p a r t i c u l a r emphasis on mechanical b i n d i n g i n t h e s l o t , f o l l o w e d w i t h frequent physical i n s p e c t i o n s d u r i n g t h e f i r s t years o f s e r v i c e . The h i g h percentage o f loose c o i l s i n newly i n s t a l l e d windings imp1 i e d t h a t t h e f i r s t i n s p e c t i o n should occur w i t h i n t h e f i r s t year o f operation. i n s p e c t i o n u s u a l l y i n d i c a t e d t h a t e x t e n s i v e a d d i t i o n o f f i l l e r m a t e r i a l was r e q u i r e d behind t h e s l o t wedge. Subsequent i n s p e c t i o n s a f t e r up t o 5 years o f operat i o n have shown t h a t most, b u t n o t a l l , o f t h e loose c o i l s were discovered i n t h e f i r s t i n s p e c t i o n .
Newer hard i n s u l a t i o n systems embody c o i l s w i t h
This an i n t e r f e r e n c e f i t i n t h e s t a t o r s l o t . The use o f compressible f i l l e r m a t e r i a l s ( r i p p l e springs) has v i r t u a l l y e l i m i n a t e d loose wedges and c o i l movement problems. However, t h e i n s p e c t i o n program s t i l l uncovers a s u f f i c i e n t number o f problems i n o t h e r areas t o warrant i t s continued use. This program has e f f e c t i v e l y e l i m i n a t e d p a r t i a l discharge problems i n t h e s l o t p o r t i o n o f t h e c o i l s . Problems s t i l l e x i s t i n t h e end t u r n and connection areas. A d e t a i l e d physical i n s p e c t i o n i s an e f f e c t i v e means o f l o c a t i n g these problems.
programs have evolved over t h e years and have g r e a t l y improved t h e s e r v i c e l i f e and r e l i a b i l i t y o f our generators.
A1 1 major problems associated w i t h t h e Reclamation winding i n s t a l l a t i o n and i n s p e c t i o n new hard-type i n s u l a t i o n systems have e s s e n t i a l l y been e l i m i n a t e d s i n c e t h e present approach has been f o n ul a t e d and adopted.
A p a r t i a l l i s t i n g o f Reclamation case h i s t o r i e s i n v o l v i n g t h e new hard winding i n s u l a t i o n systems i s included. P a r t i a l L i s t i n g o f Generator Hard-Type S t a t o r Winding I n s u l a t i o n Problems Y e l l o w t a i l Powerplant -f o u r generators -65.78 MVA a t 0.95 power f a c t o r , 13.8 kV, 225 r/min, i n s e r v i c e 11/66. ground f a u l t i n November 1980. D i s s e c t i o n and analys i s o f t h e f a i l e d c o i l revealed t h a t e l e v a t e d l e v e l s o f i n t e r n a l p a r t i a l discharge a c t i v i t y had d e t e r i o r a t e d t h e epoxy b i n d e r . V i b r a t i o n o f t h e copper strands r e s u l t e d i n s t r a n d -t o -s t r a n d f a u l t s and eventual f a i l u r e o f t h e groundwall i n s u l a t i o n . P a r t i a l discharge t e s t s were then performed on t h e e n t i r e winding and revealed very h i g h l e v e l s o f i n t e r n a l p a r t i a l discharge on two c o i l s and moderately h i g h readings on s i x c o i l s . These c o i l s were n o t i n t h e immediate area o f t h e f a u l t . The two c o i l f r o n t s w i t h very h i g h readings were removed v i a h a l f -c o i l s p l i c e s . D i s s e c t i o n o f these c o i l s reveal ed an advanced s t a t e o f i n t e r n a l d e t e r i o r a t i o n t h a t was present i n t h e f a i l e d c o i l . P a r t i a l d i s c h a r g e surveys o f t h e o t h e r t h r e e generators i n d i c a t e d t h e y a l l had t h e same problem. The f i n a l c o n c l u s f o u r generators a t Y e l l o w t a i l Powerpl a n t have s i n c e been rewound w i t h o u t any o t h e r i n s e r v i c e f a i l u r e s b e i n g encountered.
i o n was t h a t t h e problem o r i g i n a t e d from a c o i l manufacturing process t h a t l e f t voids i n t h e i n s u l a t i o n next t o t h e s u r f a c e o f t h e conductors. T h i s s i t u a t i o n i n i t i a t e d t h e
